From 2000 to 2014, drug overdose deaths increased 137% in the United States, and 61% of these deaths included some form of opiate. The vast majority of opiate-related drug fatalities include multiple drugs, although there is scant data quantitatively describing the exact drugs that contribute to deaths due to multiple drugs. In the present study, we sought to quantitatively identify the drugs that occur with opiates in accidental multidrug-related fatalities. We retrospectively explored fatal drug trends in four Michigan counties, with a focus on profiling drugs present concurrently with opiates. Blood and urine toxicology reports for mixed drug fatalities (N=180) were analyzed using frequent item analysis approaches to identify common analyte trends in opiate-related fatalities. Within our cohort, the most prevalent serum analytes included caffeine (n=147), morphine (n=90), alprazolam (n=69), gabapentin (n=46), and tetrahydrocannabinol (n=44). In 100% of cases where gabapentin was present (n=46), an opiate was also present in the serum or urine. The average gabapentin serum concentration was 13.56 μg/mL (SEM =0.33 μg/mL), with a range of 0.5-88.7 μg/mL. Gabapentin was found at very high frequency in accidental mixed drug fatalities. Gabapentin concentrations were generally within the normal therapeutic range (2-20 μg/mL). It is unknown whether a synergistic effect with opioids may contribute to central respiratory depression. Further research is warranted to determine any contributory role of gabapentin in these deaths. Confirmed interactions could have broad implications for future reporting by forensic pathologists as well as prescribing practices by clinicians. Acad Forensic Pathol. 2017 7(1): [99][100][101][102][103][104][105][106][107][108][109][110][111] 
INTRODUCTION
The opiate abuse epidemic in the United States is a growing health crisis that shows little evidence of subsiding in the near future. Opioid substances now account for more than half of all accidental overdose deaths (1) . From 1999 to 2014, opioid overdose deaths rose by almost four-fold, closely mirroring an approximate four-fold increase in the sales of prescription opioids. Importantly, this rise in opioid use did not affect reports of subjective levels of pain (2, 3) . Nearly half a million people have died during this time frame as a result of opioid abuse (1) .
There have been a plethora of studies confirming this opioid use phenomenon, specifically in the postmortem toxicology analysis of accidental drug-related fatalities. Often, these drug-related fatalities include multiple pharmacologic agents in addition to opiates. However, while data on opiate-related fatalities are abundant, there is a paucity of data describing the nonopiate substances found concurrently with opioids in multidrug fatalities. By determining what substances are present with opioids, we can better appreciate the toxicological context in which these deaths are occurring.
The primary mechanism of death in an opioid-induced overdose is central respiratory depression. It is well known that other central nervous system depressants, including ethanol and benzodiazepines, can act synergistically with opioids to exacerbate respiratory depression, resulting in hypoxia and eventual death (4) . There is less clarity regarding how other nonopiates may interact with opiates. In addition to exacerbating respiratory depression through synergistic central nervous system depression, nonopiates may have pharmacokinetic interactions with opiates. Such interactions could increase the concentration of opiate in the blood, increasing the likelihood of undesired or fatal effects. The extent to which combined perimortem blood concentrations of opioids and other substances contribute to death has not been well-described. In the present study, we sought to identify potential pairings between opiates and nonopiates that may contribute to death.
METHODS

Study Subjects
Deceased adults (greater than or equal to 18 years of age) that met inclusion criteria for cause of death, manner of death, and county of death were identified from the death investigation database currently used by the Office of the Medical Examiner in southwest Michigan. Study subjects were deceased in Allegan, Calhoun, Kalamazoo, or Muskegon counties in Michigan from January 1, 2013 to December 31, 2015. The cause of death for all study subjects was classified as "drug-related" and the manner of death was determined to be "accident." All study subjects had a toxicology report on file within the database. Additional demographic information was obtained for each study subject, including age, sex, and race ( Table 1) .
Analyte Prevalence
Each toxicology report was de-identified and reviewed by at least two individuals. Analytes data were recorded and automatically converted to a binary database to generate "present" or "not present" calls for 
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each analyte across all the cases. Prevalence values are the frequency of occurrence for each analyte within the toxicology report subtype (n=180 for blood and urine combined, n=178 for blood reports, and n=144 for urine reports). A prevalence of 1.0 would indicate that the analyte is present in every case.
Descriptive Analysis: Frequent Item Analysis
Frequent item analysis (FIA) is used to identify common combinations (subset or whole) within a "transaction" (5) . For example, consider the following four transactions at a grocery store: All four transactions have a unique combination of items purchased, but three out of the four have a common subset combination of spaghetti noodles and pasta sauce. Frequent item analysis is used to identify these common combinations within multiple transactions. In this case, our "transaction" is an overdose case, and our "items" are drug analytes. In frequent item analysis, there are two parameters of interest for which the investigator sets: support and confidence. Support is the proportion of cases in which the combination of items (X|Y) is found. Confidence is the conditional probability in which item Y was present given that item X was present. For instance, going back to our grocery transaction example, we had a support of 0.75 and a confidence of 1.00 for the combination of (pasta sauce | spaghetti noodles), indicating 75% of transactions included pasta sauce and spaghetti noodles, and that 100% of transactions with pasta sauce also included spaghetti noodles. These parameters are set by the investigator, and for the analyses presented herein, support=0.2 and confidence=0.7. The FIAs presented here use a candidate-based approach in which only the cases with the candidate of interest are included in each respective analysis, allowing for combinations with that candidate to be explored. In this analysis we were primarily interested with support given that the candidate was always part of the combination, resulting in a confidence of 1.0. It is important to note that FIA is a purely descriptive analysis, and as a descriptive analysis, there is no p-value or confidence level associated with the FIA analysis.
Inferential Statistical Analysis
Blood gabapentin concentrations were compared in those cases involving hydrocodone versus those cases that did not involve hydrocodone using a two-tailed heteroscedastic t-test. For concentration correlations between gabapentin and hydrocodone, concentrations were plotted on two-dimensional axes and a linear regression with Pearson's correlation coefficient was determined.
RESULTS
Prevalence of Analytes
The first analysis performed was a simple frequency analysis to identify the most common analytes present in blood toxicology reports, urine toxicology reports, or both. Of these N=180 cases, we had both a urine and blood sample for n=143 cases. We had a blood sample for n=178 cases and a urine sample for n=144 cases. The number of analytes detected in the blood and urinalysis of each individual ranged from 0-18, with an average of 7.44±3.05 analytes per individual. One individual had no analytes present in either the blood or the urine toxicology reports but was included in the analysis because the death was ruled an accidental multidrug-related fatality. The single most common analyte detected was caffeine, occurring with a relative frequency of 82% (n=148) in the combined blood and urinalysis reports. Because this common analyte was so prevalent and generally does not contribute to death, we excluded this analyte from further analysis in this study.
Opiate analytes were present in 90.6% of all cases. The frequency of opiate analytes across the blood and urine analyses combined occurred as follows: mor- Downloaded from www.afpjournal.com by an AFP Journal subscriber This article is for personal use only and may not be shared or distributed in any fashion ORIGINAL ARTICLE phine (55%), monoacetylmorphine (34%), codeine (28%), hydromorphone (26%), methadone (23%), and fentanyl (21%) (Figure 1) . Less frequent opiates include hydrocodone (18%), oxycodone (11%), and oxymorphone (9%). All other opiates were found at frequencies less than 5%. Heroin is infrequently detectable in the blood because it rapidly undergoes deacetylation into 6-monoacetylmorphine, which can be detected in the blood and urine and is used as a specific and proven biomarker for heroin (6, 7) . Opioids can present differently in the blood and urine because they are generally converted into polar metabolites eliminated in the urine, and urine volume can vary widely. This change in volume influences urine analyte concentration and renders it generally less reliable than blood analysis. To that end, we also report analyte frequency in the blood and urine separately. The frequency of opiates in the urine occurred as follows: morphine (51%), monoacetylmorphine (32%), hydromorphone (31%), codeine (27%), methadone (24%), fentanyl (21%), and hydrocodone (20%) (Figure 2) . The frequency of opiates in the blood occurred as follows: morphine (51%), methadone (22%), and monoacetylmorphine (20%) (Figure 3) . ORIGINAL ARTICLE alyte prevalence of 20% or greater as follows: alprazolam (36%), gabapentin (26%), tetrahydrocannabinol (THC, 26%), benzoylecgonine (24%), and ethanol (24%) (Figure 1) . Alprazolam is a commonly prescribed benzodiazepine manufactured most commonly under the trade name Xanax. Cocaine is metabolized into benzoylecgonine, which can be detected in the urine. The prevalence levels of all nonopiates in the urine for which the prevalence was 20% or greater occurred as follows: alprazolam (28%), benzoylecgonine (27%), and ethanol (22%) (Figure 2) . All of the cases in which urinalysis was positive for alprazolam also tested positive for alpha-hydroxy-alpra-zolam. The prevalence levels of all nonopiates in the blood (for which the prevalence was 20% or greater) occurred as follows: alprazolam (36%), gabapentin (26%), THC (25%), and ethanol (22%) (Figure 3 ).
Frequent Item Associations
We initially performed an unbiased frequent item association (support ≥0.20, confidence ≥0.7) to identify multidrug combinations of frequently occurring analytes. This analysis yielded only combinations of common opiates (data not shown), and did not provide any additional information regarding associa- 
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tions with nonopiate analytes. To assess the potential contribution of nonopiates to the seemingly opiate-mediated mortality, we identified the most common combinations that included frequent nonopiate analytes. Frequent nonopiate analytes were defined as nonopiate analytes that appeared in the combined blood and urine analyses at a relative frequency of 20% or greater. This included alprazolam, benzoylecgonine, ethanol, gabapentin, and THC. For each of these analytes, a data subset was created to include information for only cases that involved the candidate analyte. Frequent item analysis was then employed using a support of 0.2 and a confidence of 0.7 for each candidate.
Frequent item analysis revealed that many of the most common opiate analytes are present in a similar proportion across the cases containing each of the candidate nonopiates we examined ( Table 2) . For example, morphine occurred with a relative frequency of 0.52 in the alprazolam-containing cases. (This means that 52% of all cases containing alprazolam also contained morphine). Likewise, morphine was present with a relative frequency of 0.66, 0.57, 0.57, and 0.62 in cases containing benzoylecgonine, ethanol, gabapentin, and THC, respectively. None of these relative frequencies are especially remarkable considering that morphine was present with a relative frequency of 0.55 across all cases. 
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More remarkable, however, is the case of hydrocodone. Hydrocodone was present at a relative frequency of 0.18 across all cases. However, in gabapentin-containing cases, hydrocodone was present with a relative frequency of 0.26. In addition, the hydrocodone-containing drug combination of hydrocodone and hydromorphone was present at a frequency of 0.22 in the cases with gabapentin ( Table 2 ). In contrast, hydrocodone and hydrocodone-containing drug combinations were present at a frequency of ≤0.2 in cases containing alprazolam, benzoylecgonine, ethanol, and THC. Thus, hydrocodone is observed to be present more frequently in cases with gabapentin toxicity than across the regular population of mixed drug fatalities, although these are not mutually exclusive groups so a chi-square test cannot be used to determine the significance of this observation.
Gabapentin and Hydrocodone Concentrations
Because it is reported that hydrocodone and gabapentin have a pharmacokinetic interaction whereby hydrocodone increases gabapentin drug exposure (8), we next sought to determine whether gabapentin concentrations in the blood are increased to supratherapeutic concentrations in decedents who also tested positive for hydrocodone. To assess this, we examined the blood concentrations of gabapentin in decedents who concurrently tested positive for hydrocodone against the blood concentrations of gabapentin in decedents 
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who did not test positive for hydrocodone (Figure 4) . The average blood gabapentin concentration in decedents with positive hydrocodone toxicology (n=12) was 11.98 ± 2.52 μg/mL. The range of blood gabapentin concentrations in this population was from 11 μg/ mL to 172 μg/mL. Meanwhile, the average blood concentration of gabapentin in decedents with negative hydrocodone toxicology (n=34) was 14.11 ± 2.92 μg/ mL. The range of blood gabapentin concentrations in these decedents ranged from 0.9 μg/mL to 27.5 μg/ mL. Gabapentin is generally considered therapeutic at concentrations <20 μg/mL, although concentrations are often <10 μg/mL (9, 10) . Overall, the gabapentin concentrations between these two groups were not statistically different (p=0.592), and the means were below 20 μg/mL, suggesting that the presence of hydrocodone does not cause gabapentin to be increased to supratherapeutic concentrations in these patients.
It has been reported that gabapentin increases hydrocodone elimination (8), so we next investigated whether gabapentin decreased the blood concentrations of hydrocodone. Blood hydrocodone concentrations in decedents who tested positive for both gabapentin
Blood [gabapentin]
μg/mL 
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and hydrocodone ranged from 0 μg/mL to 514 μg/ mL, with the average blood hydrocodone concentration being 99.03 ± 40.93 μg/mL (Figure 5) . Hydrocodone detection was negative in two blood samples for which the corresponding decedent urine specimens tested positive. In these two cases, the urine hydrocodone concentrations were 192 μg/mL and 875 μg/mL, with corresponding blood gabapentin concentrations of 4.6 μg/mL and 15.8 μg/mL, respectively.
There appears to be no significant direct or inverse association between concentrations of blood hydrocodone and blood gabapentin (Pearson correlation coefficient = 0.0051).
Although there seemed to be no correlation in blood gabapentin with decreasing blood hydrocodone concentrations, we investigated the relationship between blood gabapentin and urine hydrocodone concentration to detect whether urine hydrocodone concentrations may be higher in cases with positive gabapentin toxicology. The urine hydrocodone concentrations in decedents who tested positive for both gabapentin and hydrocodone ranged from 192 ng/mL to 10 000 ng/mL, with an average urine hydrocodone concentration of 3365.50 ng/mL ± 873 (Figure 6) . When values of urine hydrocodone are plotted with respect to blood gabapentin concentrations, there does not seem to be a direct or inverse correlation between the two concentrations (Pearson correlation coefficient = 0.2812).
DISCUSSION
Gabapentin, or 1-(aminomethyl)cyclohexaneacetic acid, was first approved for use in the United States in 1993. It is widely prescribed as a treatment for seizure disor- 
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ders and neuropathic pain syndromes, including postherpetic neuralgia and diabetic neuropathy. Additionally, it is prescribed for off-label use in managing conditions such as restless legs syndrome and anxiety disorders (11, 12) . Prescribed dosages of gabapentin vary with the condition it is intended to treat, but generally fall between 300-3600 mg per day (13) . The effective therapeutic concentration in blood is 2-20 μg/mL, with concentrations greater than 25 μg/mL noted as being toxic (9, 10) . The recorded side effects of people experiencing a gabapentin overdose include dizziness, drowsiness, ataxia, nausea, tremor, and increased risk of suicide (8, 14) .
Gabapentin binds to the α 2 δ subunit of N-type voltage-gated calcium ion channels (15) and modulates synthesis of both GABA and glutamate through interactions with glutamate decarboxylase and branched chain aminotransferase (16) . While many sites of ga-bapentin binding such as these have been identified, the precise mechanism by which gabapentin-mediated modulation of calcium channels may influence neuropathic pain remains unknown. The co-occurrence of gabapentin with opioid metabolites in our study begs the question of whether gabapentin had any contributory effect to the mechanism of death in the subjects. Opioids have been shown to close N-type voltage-gated calcium channels through indirect OP 2 -receptor interactions, thereby causing decreased neuronal excitability through hyperpolarization (17) . Since this α 2 δ subunit of N-type channels is also the target of gabapentin inhibition, it stands to reason that the co-occurrence of gabapentin and opioids in the body could affect the function of these N-type channels in unintended ways. Opioids with a higher affinity for the OP 2 receptor could possibly have a more pronounced interaction through this mechanism. 
In our study, gabapentin was most frequently found to be associated with hydrocodone as a co-occurring metabolite. It has been documented that the presence of gabapentin decreases hydrocodone exposure in a dose-dependent manner. Conversely, hydrocodone has been reported to increase the drug exposure of gabapentin by 14% (8) . In our study, however, the presence or absence of hydrocodone did not correlate with differences in the average concentration of gabapentin. It has also been reported that co-administration of gabapentin and other opiates such as morphine may alter the pharmacokinetic profile of gabapentin. We did not focus on that work here, as the drug exposure of the opiate is unchanged in these cases, (8) and we did not identify an increased association between gabapentin and any other opiate besides hydrocodone.
Perhaps one of the more intriguing aspects of gabapentin in our study is the significant co-occurrence of gabapentin with other metabolites of drugs prone to abuse. This discovery prompted the exploration of the manner in which gabapentin is used, whether as prescribed or as a potential drug of abuse. A previous study of prison inmates showed that of the population sampled who had an opiate use disorder, 26% reported intentional abuse of gabapentin (18) . The reasons for gabapentin abuse remain unclear, although reports suggest that gabapentin may help relieve symptoms of opioid withdrawal (19) , potentially contributing to the high co-occurrence with opioids in our study.
Interestingly, a 2010 report from the Scottish Drug and Crime Enforcement Agency illustrated an appreciable amount of gabapentin retrieved from prisons and on the street, largely in the form as a cutting agent with heroin (20) . On a molecular level, gabapentin would appear to be an appropriate cutting agent. Both are odorless white crystalline solids, and the melting temperature of gabapentin (162-166°C) is similar to that of diacetylmorphine (172°C). This is noteworthy as the process of injecting heroin involves melting the substance in preparation for injection. Subjectively, the effects of gabapentin would complement or augment those of diacetylmorphine, making it potentially less likely for the user to notice the adulterant.
CONCLUSION
While the significant occurrence of gabapentin deserves acknowledgement, our data does not definitively suggest that gabapentin was a causative or contributory factor in the deaths of our sample population. With the exception of minimal outliers, the gabapentin concentration of the vast majority of our sample population was well within the therapeutic range, preventing suspicion that gabapentin toxicity alone played a role in the deaths. Numerous drug interactions have been identified and/or suspected with gabapentin, but because the exact mechanism has not been elucidated, definitive conclusions regarding its contribution to overdose deaths cannot be made. Further research exploring these interactions would allow for more complete understanding of the mechanisms of gabapentin. Verified interactions that produce undesirable effects could significantly change prescribing practices of gabapentin, especially if they are more likely to contribute to accidental death.
